The high mountain ranges of western Europe have had a profound effect on 16 the recolonisation of Europe from glacial refugia. The Alps present a 17 particularly interesting case, because they present an absolute barrier to 18 dispersal to most lineages, obstructing recolonisation from multiple refugia in 19 the Italian Alps. Here we investigate the effect of the European Alps on the 20 the phylogeographic history of Rana temporaria across its range in 21
Introduction 35 36
Contemporary geographic distributions of genetic variation result from 37 processes occurring on diverse time scales. Climate oscillations and 38 associated ice-ages that occurred during the last ~700 ky had a major 39 influence on contemporary European ecosystems (Taberlet et al. 1998; Hewitt 40 1999 Hewitt 40 , 2000 . The extent of the ice-sheets and inhospitable habitat restricted 41 many species to three major refugia: the Balkans, Italy, and the Iberian 42
Peninsula (Taberlet et al. 1998) . After the retreat of the ice-sheets, Europe 43 was recolonised by the surviving populations. Differing dispersal abilities, 44 residual habitat discontinuities, and geographic complexities have determined 45 these recolonisation routes. This has had a fundamental impact on the extant 46 geographic distribution of species and their genetic diversity (Roy et al. 1996 ; High mountain ranges such as the European Alps and Pyrenees were 50 the last to deglaciate. For taxa adapted to warm climates, the persistence and 51 extent of alpine ice-sheets and the east-west orientation of the mountain 52 ranges hindered biotic recolonisation of Europe from their refugia (Taberlet et 53 al. 1998 ). Cold-tolerant organisms exhibit a more complex history. Many 54 expanded their range during glacial periods, some persisted in nunataks 55 within the Alps, and trans-alpine recolonisation has occurred in several 56 species ( To investigate the geographic distribution of genomic variation in 97
Switzerland, we sampled 82 populations across a ~2300 m gradient of 98 elevation in the Swiss Alps during the 2013 breeding season (Fig. 1, Table 1) . 99
Approximately 10 eggs from each of 20-30 freshly laid clutches were collected 100 from each site. The eggs were transported to the University of Zürich, where 101 they were hatched in separate water-filled containers in a water bath. The 102 tadpoles were euthanised and stored in ethanol when they reached stage 36 103 (Gosner, 1960) . Each clutch is assumed to represent a single family; thus one 104 tadpole per clutch was used for all work presented here. 105
To establish phylogeographic patterns, we selected a subset of the 106 samples collected; 2-9 eggs were collected from freshly-laid clutches in 72 107 populations of R. temporaria in the Swiss Alps during the 2013 breeding 108 season. Locations, elevations, and sample sizes of the populations are given 109
in Table S1 . The eggs were transported to the University of Zürich, where 110 they were reared at 23-25 °C until they hatched and reached stage 36 111 (Gosner, 1960 Cycling conditions were as follows: 37 °C for 45 min, 80 °C for 15 min, and 139 held at 10 °C. From the cleaned product, 2 μl per sample was used in 10 μl 140 sequencing reactions (BigDye Sequencing Kit, Applied Biosystems). Samples 141 were sequenced in one direction for each gene using an automated 3130xl 142 DNA Analyzer (Applied Biosystems, CA, USA) and the sequences were 143 aligned using CLC Main Workbench 5.0.2 (CLC Bio) and BioEdit (Hall 1999) . in the cytb sequence that distinguishes between the eastern and the western 149 mitochondrial clades. We used this assay to assign our samples to clades. 150
Restriction digests were performed using 8 μl of the PCR product, 0.1 μl 151 10000 U/ml StyI restriction enzyme (New England Biolabs), 0.9 μl water, and 152 1 μl 10X Buffer (Qiagen). PCR products were digested for 30 minutes at 37 153 °C, where after they were resolved on a 1% agarose gel and assessed by eye 154 under UV-light. To test the hypothesis that Switzerland was colonised from the Italian 226 refugium, we estimated the phylogenetic relationship between 569 bp COX1 227 data from this study, and data available on NCBI. This analysis was based on 228 COX1 data only, because the publicly available cytb fragment sequenced for 229 probability (0.93; Fig. 4 ), which suggests that this haplogroup is analgous to 347 the green haplogroup described by Vences et al. (2013) and is widespread 348 across France, Germany, and Great Britain. Europe. We found two deeply diverged mitochondrial lineages occurring 359 roughly north and south of the northern Alps, with contact zones in eastern 360 and western Switzerland. These results strongly suggest that that the Alps did 361 not present a significant barrier to dispersal for this species during the 362 recolonisation of Europe. This has resulted in complex regional variation in 363 the genetic structure of R. temporaria across Switzerland, which could have 364 important implications for population persistence and adaptive potential. across the central Alpine ridge (Fig. 5) . The most widespread AP1 haplotype 414 (CA2) was identical to a CH-South haplotype found in south-eastern 415
Switzerland, which suggests colonisation across the Maloja Pass (5, Fig. 5 
) or 416
Bernina Pass (6, Fig. 5) . passes was more extensive when the treeline was ~200 m higher than it is 432 today, which occurred regularly during the period of 5'000-10'000 years ago 433 and we found that this haplogroup is identical to Italian APIII found in the north 450 western Italian Alps. In addition, the rest of the CH-North haplotypes form a 451 monophyletic group with APIII ( Fig. 4) . Finally, genetic diversity is expected to 452 decrease with distance from glacial refugia as populations experience 453 bottleneck events with colonisation (Hewitt 1996) . The genetic variation in the 454 green/APII/T4 haplogroup is substantially higher in northern Italy than in 455
Ireland or Iberia, suggesting that this was the main refugium of the haplogroup. 457
The identification of a second CH-brown lineage exclusively south of 458 the central Alpine ridge in southern Switzerland suggests that there may be 459 eastward expansion from Iberia south of the Alps (Fig. 2 & 2 
.5). This lineage 460
is ubiquitous in the Pyrenees, and is found in southern France, northern Italy, The R. temporaria western mitochondrial clade is exceptional in that it 475 harbours more genetic diversity than any other European brown frogs (Palo et 476 al. 2004; Vences et al. 2013) . We show that much of this variation can be 477 attributed to the European Alps. The topographic complexity of the Alps has 478 resulted in multiple glacial refugia and subsequent divergence between R. 479 temporaria lineages. After the retreat of the glaciers, the Alps presented a 480 semi-permeable barrier to dispersal for these lineages, resulting in multiple 481 colonisation events in the south. However, this also limited colonisation from 482 other refugia in northern Italy, which subsequently followed a circum-Alpine 483 route to colonise western Europe and Switzerland (Fig. 6 ). This has resulted 484 in two deeply diverged lineages that occur in the north and the south of 485 
